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 � Many studies in the literature have been carried out to 
evaluate the various cellular and molecular processes 
involved in osteogenesis.

 � Angiogenesis and bone formation work closely together 
in this group of disorders. Hypoxia-inducible factor (HIF) 
which is stimulated in tissue hypoxia triggers a cascade of 
molecular processes that helps manage this physiological 
deficiency.

 � However, there still remains a paucity of knowledge with 
regard to how sickle cell bone pathology, in particular 
avascular necrosis, could be altered when it comes to 
osseointegration at the molecular level.

 � Hypoxia-inducible factor has been identified as key in 
mediating how cells adapt to molecular oxygen levels.

 � The aim of this review is to further elucidate the physiol-
ogy of hypoxia-inducible factor with its various pathways 
and to establish what role this factor could play in altering 
the disease pathophysiology of avascular necrosis caused 
by sickle cell disease and in improving osseointegration.

 � This review article also seeks to propose certain research 
methodology frameworks in exploring how osseointegra-
tion could be improved in sickle cell disease patients with 
total hip replacements and how it could eventually reduce 
their already increased risk of undergoing revision surgery.
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Introduction
Avascular necrosis (AVN) of the femoral head remains a 
common complication in sickle cell disease (SCD) patients, 

and is frequently bilateral (Fig. 1).1 Total hip replacement 
(THR) surgery is often necessary to treat the degeneration 
which results from AVN.2 However, it has been noted that 
the failure rate of this procedure in SCD patients is rela-
tively high and the failure of osseointegration has been 
indicated as a major underlying reason.3,4

This review seeks to outline the pathophysiology of 
sickle cell bone disease, its treatment and the recognized 
complication of implant loosening associated with the dis-
ease. It also seeks to shed light on the physiological phe-
nomenon of osseointegration and how the study of this 
phenomenon has influenced orthopaedic implant design. 
It identifies some of the various in vitro studies which have 
been performed on this phenomenon, and also highlights 
factors contributing to the success of hip arthroplasty sur-
gery in sickle cell disease patients.

Many studies have been carried out to evaluate the 
various cellular and molecular processes involved in oste-
ogenesis. Angiogenesis and bone formation work closely 
together in this group of disorders.5 Hypoxia-inducible 
factor (HIF) which is stimulated in tissue hypoxia triggers a 
cascade of molecular processes that helps manage this 
physiological deficiency.6 However, there still remains a 
paucity of knowledge with regard to how sickle cell bone 
pathology, in particular avascular necrosis, could be 
altered when it comes to osseointegration at the molecu-
lar level. Hypoxia-inducible factor has been identified as 
key in mediating how cells adapt to molecular oxygen 
levels.

This review further elucidates the physiology of hypoxia-
inducible factor with its various pathways and establishes 
what role this factor could play in altering the pathophysi-
ology of avascular necrosis caused by sickle cell disease. 
It seeks to establish certain research methodology frame-
works in exploring how osseointegration could be 
improved in sickle cell disease patients with prosthetic 
implants, especially total hip replacements.
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One major purpose of this literature review is to high-
light questions with regard to the paucity of experimental 
models in the current literature that will help form the 
basis for research to improve osseointegration in SCD 
patients. With considerable prior work having been under-
taken to understand the mechanism of microcellular bony 
hypoxia, the current review sets out to bring to the fore 
the need to investigate further potential in vitro experi-
mental models which will mimic the in vivo pathologic 
setting in sickle cell avascular necrosis. This will lead to 
building blocks that could help form the foundation for 
research directed at improving osseointegration in sickle 
cell disease patients.

Sickle cell bone disease
Sickle cell disease is an inherited blood condition common 
among, but not confined to, peoples of equatorial African 
ancestry. The gene for sickle haemoglobin (HbS) results in 
the substitution of valine for the glutamic acid normally 
present at the sixth position from the amino terminus of 
the chain of haemoglobin. It is acquired by inheriting 
abnormal genes from both parents, the combination giv-
ing rise to different forms of sickle cell disease. Most com-
mon at birth is homozygous sickle cell (SS) disease, also 
called sickle cell anaemia, in which the HbS gene is inher-
ited from both parents.7

Sickle cell disease (SCD) encompasses various combi-
nations of abnormal haemoglobin genes that include at 
least one copy of the gene for haemoglobin S paired 
with another structural β-chain haemoglobin variant or 
β-thalassemia gene.

Epidemiology
People living in Africa have the highest burden of sickle 
cell disease, predominantly due to four types of abnormal 
haemoglobin combinations: haemoglobin SS (sickle cell 
anaemia), haemoglobin SC, haemoglobin Sβ+ thalas-
semia, and haemoglobin Sβ0 thalassemia. The sickle cell 
trait is widespread throughout Africa with low frequencies 
(<1–2%) in the north and south of the continent and high 
but variable frequencies throughout much of equatorial 
Africa.8,9 An estimated 300,000–400,000 babies are born 
with sickle cell anaemia (SCA) worldwide every year. 
Approximately 75% of these births occur in sub-Saharan 
Africa.10–12 Population estimates in the United States sug-
gest that approximately 100,000 people have the disease. 
It is also estimated that three countries in the world 
account for the majority of babies born with sickle cell dis-
ease. These countries are Nigeria, Democratic Republic of 
Congo and India. Unfortunately the mortality of children 
under five years with the condition can be as high as 
90%.13 Demographic projections estimate that by 2050, 
the number of new-born babies with SCA worldwide will 
increase by a third and in the above mentioned countries 
there would an increase of 30%.14,15

Importantly for Europe there are no current data to the 
best of our knowledge for prevalence of sickle cell disease 
in the region. However, in 2010, it was reported that over 
3000 children are born with SCD every year in Europe.16 
This figure is unreliable bearing in mind the significant 
migration into Europe in recent years, and a substantial 
number of children are being born in areas where SCD 
is considered rare (for example northern and western 
Europe).17 The total number of patients with SCD among 
migrants in Germany was estimated at 2106 in 2007 and 
3216 in 2015 which is an increase of 60%.18 It is also worth 
noting that in a multicentre sickle cell study carried out in 
both the United Kingdom and France, retrospective data 
showed a 6% mortality rate in SCD patients.19

Epidemiological profile for avascular 
necrosis in sickle cell disease
The femoral head is the most commonly affected site for 
AVN, followed by the humeral head. Studies in the litera-
ture have reported that the incidence of osteonecrosis of 
the femoral head (ONFH) in SCD could vary from 3–50%.20 
A co-operative study of SCD reported that the estimated 
age for the diagnosis for AVN was 28 years and the age-
specific prevalence rate was highest in patients who were 
over 45 years of age (34.9%).17 In contrast, the prevalence 
among patients under 25 years was approximately 6%. 
Furthermore, it is important to note that AVN is a compli-
cation associated with age, with incidence being higher 

Fig. 1 Anterioposterior radiography of a 27-year-old female 
sickle cell patient with right femoral head avascular necrosis.
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among older patients. Some studies have shown that the 
prevalence of osteonecrosis of the femoral head is approx-
imately 3% in patients under 15 years and could be as 
high as 50% in patients over 35 years of age.21 Ortiguera 
et al in their series noted that a 50% revision rate in patients 
who had THR was due to osteonecrosis; however, Johanns-
son et al in their study postulated that osteonecrosis in 
itself is not a predictor of high failure rate in THR but high-
lighted that the high revision rate in patients was associ-
ated with SCD.22,23

Pathophysiology
The most important pathophysiological event in sickle cell 
anaemia that explains most of its clinical manifestations is 
vascular occlusion, which may involve both the macro- 
and microvasculature.24 Haemoglobin polymerization, 
leading to erythrocyte rigidity and vascular occulsion, is 
central to the pathophysiology of this disease.25

Kaul et al noted in their review of the pathophysiology 
of vascular obstruction in sickle cell syndromes that red 
cell destruction leads to enhanced cell vascular adhesion 
which invariably led to more vascular occulsion.26

Bone involvement is the most common clinical mani-
festation of sickle cell disease, both in the acute setting 
such as painful vaso-occlusive crisis, and as a source of 
chronic, progressive disability such as AVN.26,27 Avascular 
necrosis of the femoral head is one of the significant com-
plications affecting the musculoskeletal system in patients 
with sickle cell haemoglobinopathy. The reported inci-
dence of femoral head necrosis varies from less than 10% 
to more than 30%.28,29 In many patients both hips and 
other bones are affected. The pathophysiology of oste-
onecrosis in sickle cell disease seems to differ from oste-
onecrosis because of other aetiologies. When magnetic 
resonance imaging (MRI) is used to quantify lesions in 
AVN of the femoral head, the lesions seen in sickle cell dis-
ease are larger than those seen in osteonecrosis due to 
other aetiologies.30 In osteonecrosis from other causes, 
the localization and size of the lesions is directly related to 
the mechanical stresses on the femoral head. The larger 
size and wider distribution of the lesion in sickle cell dis-
ease is due to a variety of independent factors which result 
in vascular occlusion.27

Non-surgical and joint-preserving 
treatment modalities for sickle cell disease
More conservative, evidence-based treatment modalities 
for SCD are well established. These include erythrocyte 
transfusion which forms the mainstay of treatment in SCD 
patients. This could be in the form of acute transfusion, 
which helps to improve oxygen carrying capacity and 

improve blood flow, or recurrent transfusions, which have 
been shown to prevent long-term complications by 
replacing rigid sickled erythrocytes with normal deforma-
ble cells and by suppressing formation of sickled erythro-
cytes. Other treatment methods include the administration 
of hydroxycarbamide, which pharmacologically increases 
haemoglobin F. This helps to inhibit the polymerization of 
haemoglobin S and hence to improve morbidity and mor-
tality. Stem cell transplantation is considered the main 
curative option in SCD despite only 10–20% of patients 
having affected matched sibling donors. In addition, with 
this treatment there are still significant evidence-based 
concerns about transplant-related mortality and long-
term toxicities, particularly relating to infertility.14,31 
Joint-preserving procedures such as vascularized and 
non-vascularized bone grafting are indicated in the treat-
ment of pre-collapse disease, with several studies show-
ing successful outcomes at mid-term and long-term 
follow-up. However, results from core decompression 
procedures have been mixed.32–34

Total hip replacement for sickle cell disease
As noted earlier, AVN of the femoral head is a common 
consequence of vaso-occlusive attacks. The small blood 
vessels of the femoral head with its specific blood supply 
and lack of collateral circulation are particularly liable to 
occlusion by sickled cells. Local thrombosis gives a further 
reduction of the oxygen tension, resulting in increased 
sickling. This vicious cycle of continued hypoxia and sick-
ling eventually produces infarction, necrosis, femoral 
head collapse and joint degeneration and destruction 
(Fig. 1). Hip symptoms are commonly seen in the second 
and third decades in these SCD patients. Hip replacement 
arthroplasty is becoming a more frequent operation in the 
management of those patients who have passed the stage 
of more conservative surgery. Decision for surgery is 
based on severity of pain and functional disability. 
Advances in medical treatment have led to improved life 
expectancy in sickle cell patients, which in turn has led to 
an increasing number of patients requiring THR.4,35

The case for cemented or cementless  
total hip replacement
Early published series of THR among SCD patients reported 
high complication and failure rates ranging from 18% to 
100%. Improvement in intra- and post-operative care and 
possibly of the implant design has resulted in better out-
comes in reports within the last decade.36 Clarke et al 
noted in their series of cemented THR cases, high morbid-
ity in sickle cell disease patients due to implant loosen-
ing.37 Other complications (intra-operative and immediate 
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post-operative) in these patients include deep infection, 
acetabular protrusion and femoral shaft injury.3,35 Acurio 
and Friedman noted a 40% revision rate at 7.5 years due 
to either radiologic and/or symptomatic implant loosen-
ing in cemented implants.4 It is well documented in the 
literature that the use of cement is likely to cause thermal 
necrosis of already infarcted bone, contributing to higher 
incidence of infection and loosening. However, Hernigou 
et al38,39 reported long-term results for a large series of 
patients with SCD who underwent cemented THR and 
had promising results. They postulated that the low rate 
of implant loosening seen in their results was associated 
with the stems’ rectangular geometry. It can therefore be 
suggested that cemented THR could be used with caution 
in these patients because loosening is a major concern for 
both femoral and acetabular components.40

Various reasons have been postulated for the high rate 
of implant loosening with uncemented prostheses. Due 
to the chronic anaemia seen in SCD patients the medul-
lary cavity widens and there is thinning of the cortices. 
This usually occurs in the metaphyseal region of long 
bones such as the proximal femur, producing weakness, 
increased chance of fracture and a less than optimal envi-
ronment for a femoral prosthesis. Bone marrow hyperpla-
sia and repeated infarctions create a biological environment 
for the prosthesis which produces quite a high failure rate 
for acetabular and femoral components. It has also been 
suggested that lack of bone in-growth (osseointegration) 
in these patients could contribute to the high loosening 
rate, but this is yet to be verified by autopsy study.4,36 A 
study using histologic imaging along with concurrent MRI 
concluded that acetabular necrosis may be an accompani-
ment to aseptic necrosis of the femoral head. Further work 
is required to assess its significance in premature loosen-
ing of the acetabular element of total hip arthroplasty.41 
Furthermore, it is worth noting that large cohort studies 
have shown the mean age of patients having THR for AVN 
in SCD to be 36 years, and so the generally high level of 
activity in these patients does contribute to increased 
implant loosening rate. Seeing that these patients are gen-
erally young, biologic fixation with modern uncemented 
implants could be a more attractive option. More recently 
published large cohort studies with long-term follow-up 
in SCD with uncemented THR implants have shown very 
encouraging results so far.40,42,43

Osseointegration
Osseointegration refers to a direct structural and func-
tional connection between ordered, living bone and the 
surface of a load-carrying implant. It could also be referred 
to as a direct bone-to-metal interface without interposi-
tion of non-bony tissue. Researchers who first described 
this phenomenon, showed that titanium implants could 

become permanently incorporated within bone; that is, 
the living bone could become so fused with the titanium 
oxide layer of the implant that the two could not be sepa-
rated without fracture.44 An implant is considered as osse-
ointegrated when there is no progressive relative 
movement between the implant and the bone with which 
it has direct contact. Essentially, the process of osseointe-
gration reflects an anchorage mechanism whereby non-
vital components can be reliably incorporated into living 
bone and which persists under all normal conditions of 
loading. The biology of osseointegration involves pro-
cesses similar to those occurring during bone healing. 
Various cell types, growth factors and cytokines are 
involved and interact throughout the stages of osseointe-
gration, including inflammation, vascularization, bone 
formation and, ultimately, bone remodelling.45

Various factors may enhance or inhibit osseointegra-
tion. Factors which promote osseointegration include 
implant-related factors such as implant design and chemi-
cal composition, topography of the implant surface, 
material, shape, length, diameter, implant-surface treat-
ment and coatings, the status of the host bone bed and its 
intrinsic healing potential, the mechanical stability and 
loading conditions applied on the implant, the use of 
adjuvant treatments such as bone grafting, osteogenic 
biological coatings, biophysical stimulation, and pharma-
cological agents such as simvastatin and bisphospho-
nates. It is important to achieve the best possible implant 
osseointegration into the adjacent bone and to ensure 
therefore long-term implant stability. For this purpose, 
various pharmacological, biological and biophysical 
modalities have been developed, such as bone-grafting 
materials, pharmacological agents, growth factors and 
bone-morphogenetic proteins. Biophysical stimulation of 
osseointegration includes two non-invasive and safe 
methods that have been initially developed to enhance 
fracture healing: pulsed electromagnetic fields (PEMFs) 
and low intensity impulse ultrasounds (LIPUS), of which 
most studies confirm the beneficial effects. Factors which 
inhibit osseointegration include: excessive implant mobil-
ity and micro-motion, inappropriate porosity of the 
porous coating of the implant, radiation therapy and 
pharmacological agents such as cyclosporin A.28,45

There have been studies looking at osseointegration in 
relation to biomaterials, and implant surgery. Despite 
advances in total hip arthroplasty, failure of acetabular 
cups in total hip arthroplasty remains a concern and more 
so when those affected are sickle cell disease patients. 
Kalia et al noted in their study that osseointegration 
improved with acetabular cups sprayed with bone mar-
row stromal cells.46 Other studies in the literature have 
concluded that other biomaterials such as zirconium had 
similar biocompatibility and osseointegration rates to tita-
nium implants.47
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Surface topography modifications and physico-
chemical treatments of surfaces to achieve an enhanced 
bone implant interface formation using biochemical 
methods offer an alternative path. These functionaliza-
tion approaches require a deeper understanding of the 
biology and biochemistry of the host tissue at the inter-
face in terms of the mechanisms by which cells adhere to 
surfaces, the role of biomolecules, functional peptide 
sequences and extracellular matrix proteins in influenc-
ing or regulating differentiation and remodelling of bone 
and tissue.48

Hypoxia-inducible factor (HIF) and its role 
in osseointegration
Oxygen, an indispensable metabolic substrate in various 
enzymatic reactions in vivo, including mitochondrial respi-
ration, is a key regulatory signal in tissue development 
and homeostasis. For example, during embryonic devel-
opment, cellular differentiation as well as organ growth 

and final shape are thought to be modulated by oxygen 
gradients, which, at least in part, rely on the HIF signalling 
pathway to mediate their effect.49 At a molecular level, a 
HIF complex contains an α and a β subunit, both of which 
can be selected from several alternatives. They are mem-
bers of a large family of transcription factors which con-
tain a basic helix–loop–helix region and a PAS domain 
(named for Per, Arnt/HIF-1β and Sim). HIF β subunits are 
constitutive and are also involved in xenobiotic responses. 
The α subunit is regulatory and is unique to the hypoxic 
response.50 The HIF family comprises three subunits: HIF-
1α, HIF-2α and HIF-3α. HIF-2α and HIF-3α have limited 
homology with HIF-1α, but all three subunits share the 
conserved pVHL-binding domain (Von Hippel–Lindau) 
and are consequently regulated by hypoxia in the same 
way as HIF-1α (Fig. 2).51

There is established evidence that HIF-1α promotes 
angiogenesis and osteogenesis by elevating vascular 
endothelial growth factor (VEGF) levels in osteoblasts. 
Wang and Wan et al showed in their study that 

Ub OH

Proteasome

PHD2

Rough
Endoplasmic

Reticulum

VHL

HIF1-α

HIF1-α

HIF1-β HIF1-α

HIF1-α
target
genes

Translation of
HIF1-α

regulated
genes into
proteins

HIF1-α
mRNA

DNA
encoading for
HIF1-α

HIF1-βSp1

P300

Fig. 2 The hypoxia-inducible factor (HIF)-1 pathway. The HIF-1α gene is transcribed in the nucleus with the help of specificity protein 
(Sp) 1, P300, and HIF-1β. Once translated in the cytoplasm, the HIF-1α protein can either become hydroxylated and ubiquinated, 
in which case it will be degraded by proteasomes (under normal oxygen conditions). In the setting of hypoxia, it can re-enter 
the nucleus and form a transcription complex with the HIF-1β subunit. If successfully stabilized with the latter subunit, the final 
complex ultimately will function to regulate target genes such as vascular endothelial growth factor and cathepsin D. Possible 
therapeutic intervention points are: the hydroxylation that leads to degradation of HIF-1α, the binding of HIF-1α to its coactivators, 
and the modulation of HIF-1α activity. Additionally, gene therapy approaches have been used to induce the overexpression of HIF 
or the disruption of the HIF pathway with antisense oligonucleotides. Abbreviations: PHD: proline-hydroxylase domain containing 
molecules; Ub: ubiquitin; VHL: von Hippel-Lindau protein. Image and footnote reproduced and published with the permission of Yale 
Journal of Biology and Medicine.71
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mice overexpressing HIFα in osteoblasts through selective 
deletion of the von Hippel–Lindau (VHL) gene expressed 
high levels of VEGF and developed extremely dense, heav-
ily vascularized long bones, and they showed a model for 
the HIFα pathway in bone formation. In this model, osteo-
blasts residing on the nascent bone surface sense reduced 
oxygen or nutrient levels and up-regulate HIFα subunits. 
Elevated HIF-1α transactivates target genes such as VEGF, 
which then stimulate new blood vessel formation and 
invasion into bone. This process is exponential, with ever-
increasing numbers of new blood vessels introducing 
more osteoblast progenitors, which then mature and 
function to form more individual bone-formation units.5 
Wan and Shao et al also described in their own in vitro 
study that the HIF-1α pathway has been identified as a key 
component in this molecular process. They demonstrated 
that overexpression of HIF-1 in mature osteoblasts through 
disruption of the VHL protein profoundly increases angio-
genesis and osteogenesis.52 However, current literature 
does not point to evidence of a model used in chronic 
hypoxia to study the role of HIF in osteogenesis.

The decisive role of the implant surface properties in 
molecular interactions, cellular function and bone regen-
eration has been demonstrated extensively in in vitro 
research. However, a thorough understanding at the 
genetic scale of the onset phase of bone regeneration at the 
implant interface is required prior to the development of 
strategies to further optimize implant osseointegration.53

It was concluded in a study that angiogenic events are 
crucial for the subsequent implant osseointegration. This 
requirement is strengthened by their finding that the gene 
expression of angiogenic markers is differently regulated 
in normal versus compromised bone at two days after 
implantation; this event coincides with a negatively 
affected osteogenic cell response and results in a sus-
pended implant osseointegration in compromised bone.54

This calls into question the role of HIF with regard to 
osseointegration. Vandamme et al54 also noted in their 
study that HIF-1α expression increased in the initial phase 
of osseointegration and hence VEGF up-regulation. There 
are studies which have evaluated the role of implant sur-
faces and their role in osseointegration – Park et al showed 
clearly in their study that the Sr-containing oxide layer 
produced by hydrothermal treatment was effective in 
improving the osseointegration of titanium(Ti)–6alumin-
ium–4V alloy implants by enhancing differentiation of 
osteoblastic cells.55 One study has also provided evidence 
that osteoblast attachment, as well as alkaline phos-
phatase (ALP) activity and calcium deposition were 
enhanced by the immobilized VEGF on the polysaccharide- 
grafted titanium. Thus, titanium substrates modified with 
polysaccharides conjugated with VEGF can promote oste-
oblast functions and concurrently reduce bacterial 
adhesion.56

It has also been determined that osseointegration 
between tissue engineered bone and dental implants was 
enhanced by HIF-1α.57 However, there is no evidence in 
the literature for the role of HIF’s molecular physiology 
being used in promoting the prospect of osseointegration 
in pathologic bony conditions involving chronic hypoxia. 
There could therefore be a need to study this in detail sci-
entifically via properly directed and designed research.

The role of HIF in chronic hypoxia and how 
it affects osseointegration
Human mesenchymal cells (hMSCs) are multipotent cells, 
as they are capable of differentiating along the osteogenic, 
adipogenic and chondrogenic lineages as previously 
demonstrated by numerous studies. Potier and Ferreira 
et al described in their own study that temporary expo-
sure of mesenchymal stem cells to hypoxia leads to lim-
ited stimulation of angiogenic factor secretion and also to 
persistent down-regulation of several osteoblastic mark-
ers, which suggests that exposure of mesenchymal cells 
(MSCs) transplanted in vivo to hypoxia may affect their 
bone-forming potential. They also established in their 
study that there was a two-fold up-regulation of VEGF 
expression by hMSCs which occurs under hypoxic condi-
tions at both mRNA and protein levels. These findings are 
in line with previous reports that hypoxia increases VEGF 
expression.58 However, a limitation of this study was the 
methodology in creating a hypoxic environment for cell 
growth without the use of modern oxygen incubators in 
which accurate readings for the partial pressure of O2 at 
cellular level would be difficult to achieve. Diverse 
responses to hypoxia have been reported for cultured 
osteoblasts, including increased synthesis of VEGF, 
 insulin-like growth factor II (IGF-II), and transforming 
growth factor β1 (TGF-β1).59,60 The long-term effects of 
hypoxia on the function of osteoblasts, the bone-forming 
cells, have received little direct attention.61 It was also 
highlighted in this study that exposure of osteoblasts to 
hypoxia (2% O2) for the first six days of culture followed 
by 20% O2 for the final 12 days resulted in a three-fold 
decrease in bone nodule formation, and the inverse led to 
a two-fold decrease in bone nodule formation. They saw 
that the amount of bone nodule formation in cultures 
subjected to early hypoxia added to that measured in cul-
tures subjected to late hypoxia approached that of cul-
tures held at 20% O2 continuously, indicating that 
osteoblasts are able to recover from hypoxic insult. This 
type of insult mimics that seen in sickle cell disease patients 
who may eventually develop necrosis.61

It is worth noting that HIF activation causes angiogen-
esis which is a prerequisite for osteogenesis and then osse-
ointegration.5 New bone forms only in close connection 
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to blood vessels. The mature bone cell does not survive 
more than 200 µm away from a blood vessel. First, the 
blood vessel develops and then the bone follows; a pro-
cess called angiogenetic osteogenesis.62 Bone formation 
by osteoblasts is critically dependent on oxygen and pro-
vides further evidence for the vital role of the vasculature 
in maintaining bone health.61 With the understanding 
that osteoblasts can be genetically modified in order to 
cause the overexpression of HIF-1α52 leading to increased 
osteogenesis, it could be suggested that this concept be 
used in an experimental in vitro research model to study 
the degree of osseointegration with these modified osteo-
blasts when exposed to chronic and repeated hypoxic 
insults as seen in vivo with SCD patients with prosthetic 
implants. With hypoxia being both a cause and sequela of 
SCD,63 there are important clinical implications from the 
above proposal for improving osseointegration in these 
patients.

Future prospects
Hip implant design is crucial in addressing the problem of 
lack of osseointegration in sickle cell disease patients. Sev-
eral studies in the literature have highlighted the use and 
efficacy of osteogenic coated femoral stems in total hip 
arthroplasty. Many orthopaedic surgeons consider the 
use of hydroxyapatite (HA) for the potential advantages of 
increasing the strength of the implant-to-host bone bond 
and decreasing the amount of time required to achieve 
stable fixation.64,65 Furthermore Sanz-Reig et al showed in 
their study that 98% of titanium plasma sprayed implant 
stems used in THA had signs of stability (endosteal bone 
formation and proximal adaptive bone remodelling), and 
61% had endosteal spot welds indicative of bony fixa-
tion.66 In vitro and in vivo studies have shown the efficacy 
of osteogenic substrates such as human bone marrow 
stem cells seeded on poly(dl-lactic acid) scaffolds as a 
potential biological bone graft extender for future use in 
bone grafting.67 It is also worth noting that other studies 
including randomized controlled trials have highlighted 
the lack of significant difference in clinical advantage in 
the use of HA-coated implants.68 The reason for the dispar-
ity in the literature could be the need to further explore 
effective osseointegration in the design of hip implants.

With the knowledge of this common complication of 
implant loosening in these patients, could more improved 
measures be used to ensure effective osseointegration? A 
lot of work has been carried out in improving the titanium 
implant surface in order to enhance bony implant integra-
tion. Della Valle et al suggested in their work that silicon-
based anodic spark deposition treatment of the titanium 
surface would enhance osseointegration in orthopaedic 
applications.69 Sandrini et al also noted in their study the 

novel biomimetic treatment of the titanium surface which 
led to faster and more durable implant-to-bone bonding 
through higher mineralization capacity.70 Having noted 
the above studies as references, could there be an experi-
mental model which could investigate in vitro and in vivo 
osseointegration and thus improve the titanium surface 
osteogenic potential by treating with HIF-conjugated com-
posite seeded on the implant? Implant design research 
aimed at improved osseointegration could benefit from 
these proposals and the result would inevitably be a 
reduction in the revision burden and high implant failure 
rate currently experienced by SCD patients.

Conclusion
Some light has been shed from established well docu-
mented literature on SCD and its characteristic attributes. 
Its common bone sequela, AVN, has also been examined, 
further highlighting its treatment and the fact that it is a 
significant factor in the outcome of hip replacement sur-
gery in sickle cell disease patients. This review has helped 
to highlight the problem of implant loosening due to defi-
cient osseointegration seen in sickle cell disease patients 
who have undergone uncemented THR. As discussed in 
the main text, the failure rate of THR in SCD patients is still 
a pressing matter which continues to increase the revision 
load in these patients. Morbidity and mortality in SCD 
patients following THR is significantly higher than those 
with THR from other indications.

The review has also shed light on the role of hypoxia-
inducible factor in improving osteogenesis in physiologi-
cal hypoxic conditions. Studies in the literature have 
elucidated its role in molecular biology and in basic sci-
ence experiments but this review highlights its role in a 
different light in order to help improve osseointegration. 
This could be seen as laying down the building blocks for 
improved implant design tailored to reduce the surgical 
revision burden in SCD patients and improve their quality 
of life.
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